An optimized coplanar-waveguide-fed quasi-magnetic printed antenna for ultra-wideband applications is described. A parameter study, motivated by a design procedure, allowed a substantial increase in the return-loss operational bandwidth. The numerically predicted performance was validated by means of physical measurements of fabricated samples. The measured radiation patterns of the antenna demonstrated its adequate radiation characteristics. The feed radiation was also investigated by means of physical measurements.
Introduction
R ecently, ultra-wideband (UWB) printed antennas have become a topic of sustained investigation in the fields of wireless communications and radar applications. This is due to such attractive features as transmitting and/or receiving electromagnetic energy in shorter duration, and avoiding both frequency and space dispersion. Among the most-favored planar candidates, microstrip printed antennas (MPA) have received extensive attention, due to their well-known properties. However, conventional microstrip printed antennas have some shortcomings, the most important shortcoming being their narrowband characteristics. Although there are ways to increase the bandwidth of the antennas -such as resorting to stacked (multilayer) structures, and the use of parasitic patches [1] [2] [3] -these result in higher fabrication costs due to the complication of the structures, and larger aperture areas that are detrimental in array environments, respectively.
To address the above challenges, one has to criticallyexamine the points where traditional microstrip printed antenna designs display their major drawbacks. First, the use of metallic patches is implicitly associated with (multi-)frequency resonance. However, a nonresonant antenna behavior is a better starting point for (ultra-) wideband operation. Second, the feeding techniques employed are also at the origin of limiting bandwidth. An efficient technique for counteracting this is the use of coplanar waveguide (CPW) feeds [4] . This choice is justified by the coplanar waveguide being a simple structure with very wide operational bandwidth. It has constant effective permittivity, low radiation and conduction losses, and is easily integrated with both microwave integrated circuits and monolithic microwave integrated circuits [5] [6] [7] [8] . Additionally, coplanar waveguides can be easily employed in combination with surface-mount devices, and they eliminate the need of costly through-hole technology.
The merits of combining an antenna with a coplanar waveguide feed were examined in [9] . It was shown that such radiators can be easily adapted to meet the requirements of ultrawideband technology. Nonetheless, that publication was intended as a proof of concept, and it did not explore all optimization resources offered by this architecture. Subsequent investigations demonstrated the possibility to significantly improve the behavior of coplanar-waveguide-fed, quasi-magnetic antennas (to be defined below). By starting from a critical analysis of the impact of the geometrical features on the performance of the configuration advocated in [9] , the present contribution discusses a design and optimization procedure that allows taking full benefit from the use of the radiating structure. The conclusions derived in this process constitute a guide to shaping other configurations based on the same principle, namely the conjunction of coplanar waveguidefeeding and (quasi-) magnetic antennas.
The work now proceeds by giving a formal definition for (quasi-) magnetic antennas. The original antenna design and its principal geometrical and operational features are then recapitulated, and the determination of the basic dimensions is discussed in more detail. Subsequently, the effect of the length of the transition region is examined in Section 4. In Section 5, the simulated and measured reflection coefficients pertaining to the optimized antenna are presented. The far-field radiation patterns and the feed radiation are investigated. The account is finalized by drawing some conclusions.
The following novelty aspects are claimed for the present contribution. First, the "(quasi-) magnetic" concept is introduced in Section 2. Compared to [9] , the geometrical parameters of the antenna are discussed in more detail in Section 3.1. The optimization of the transition region is studied in detail in Sections 4.1 and 4.2. Extending of the coplanar waveguide feed line in order to increase the separation between the SMA connector, and the electrically small coplanar-waveguide-fed antenna, are proposed and verified experimentally. This engineering approach enabled measuring the antenna without the distortions caused by the SMA connector. Furthermore, the radiation patterns of the optimized antennas are provided in three different cuts in Section 5.2. Finally, radiation from the feed section is investigated in Section 5.3.
Magnetic Antennas
The term "magnetic antenna" has been occasionally employed [10] [11] [12] to describe antennas with radiation properties closely resembling those of a thin wire loop [3, p. 208] . To avoid ambiguities, a formal definition of such a "magnetic antenna" is hereafter provided.
As a first step, let the base plane, B, be the plane including the antenna's effective radiating/receiving aperture. In the case of printed antennas (the kind that are at the core of this work), the base plane may be assimilated into the substrate's surface due to the vanishing thickness of the metal plating. Now, let n be the unit vector along the normal to this plane. With reference to Figure 1 , B can be assimilated into the xOy, while n =i z .
Assume that the field has a transverse electromagnetic (TEM) distribution propagating along the base plane. The following situations may then be singled out:
1.
In the case when the base plane magnetic field strength, H (r ), with rEB, is directed along n, the radiator is referred to as a magnetic antenna;
2.
In the case when the base plane electric field strength, E (r ), with rEB, is directed along n, the radiator is referred to as an electric antenna.
Evidently, the TEM character of the electromagnetic field implies that the complementary field quantities -i.e., the electric field strength, E (r ) , in the case of the magnetic antennas, and the magnetic field strength, H (r ) , in the case of the electric antennas -are oriented parallel to B. Note that the definitions above are constructed by means of an analogy to the thin-wire loop and the electric-dipole antennas, respectively.
The fact that the aperture field was taken to have a TEM distribution restricts the applicability of these definitions to structures supporting this mode -i.e.,-wire and printed antennas -the waveguide (type) apertures being automatically ruled out. Furthermore, the effect of the diffraction generated by the edges of the inherently finite substrate is implicitly neglected in the case of printed antennas.
In some cases, the topology of the radiating aperture may prevent the above-indicated conditions from being rigorously satisfied. Even in such cases, either one or the other of the two situations may prevail, and thus determine the type of the antenna. For example, a radiator for which the magnetic field strength is parallel to n over most of the effective aperture will be denoted as a quasimagnetic antenna. As will be demonstrated, the hereby-advocated radiating structure falls in this category. 
Original Antenna Design
The starting point in the design of the antenna advocated in this work was represented by the radiator originally introduced in [9] , the configuration of which is depicted in Figure 1 . The antenna was designed on the commercially available Duroid RT 5870 highfrequency laminate. The selected substrate height amounted to h = 0.787 mm, in conjunction with a cladding thickness of t = 17 J.lm:
Constructively, the antenna in Figure 1 consisted of three main sections, namely, the coplanar waveguide feed, the tapered transition, and the radiating section. All conducting components were etched on the top layer of the laminate, the center layer constituting the signal path, while the" two adjacent patches acted as grounds (GND). From a functional point of view, in the non-conductive parts of the base plane, the electric field lines are oriented along this plane, with the magnetic field strength, H (r ), being parallel to n. According to the definitions in Section 2, this field distribution is characteristic of a magnetic antenna. Nevertheless, the conductive parts in B cause the out-of-plane bending of the electric field lines, which, in tum, locally disturbs the normal o~-entation of H (r ). Consequently, the antenna under examination can only be said to be quasi-magnetic. Note that this antenna is termed "quasi-magnetic," as opposed to a "monopole" antenna. This choice is justified by the basic feature of the antenna depicted in Figure 1 of having bi-directional radiation, as will be demonstrated in Section 5. On the contrary, a monopole antenna does not radiate under the ground plane.
Geometrical Parameters of the Original Antenna
The geometrical parameters of each of the three sections of the antenna in Figure 1 are hereafter discussed. Note that the dimensions cited in this section replicate those reported in [9] . It is stressed that those dimensions were optimized by means of a grid- Figure 1 . The configuration of the proposed CPW-fed quasimagnetic antenna. search strategy, which used Method-of-Moment-based planar software as the computational engine. The final results were then verified by means of a three-dimensional electromagnetic modeling tool, namely the finite-integration time-domain CST Microwave Studio® (Microwave Studio V.5 is a proprietary product of Computer Simulation Technology, Darmstadt, Germany).
(see Figure 1) . Apart from mitigating the edge diffraction [13] , this choice was also expected to lower the mutual coupling between neighboring elements, when such radiators were included in array environments.
The complete set of dimensions characterizing the antenna in Figure 1 , as given in [9] , are summarized in Table 1 .
Feed Section
3.2 Validation of the Original Antenna. The computer-optimized antenna was fabricated. A comparison of the simulated and measured reflection coefficients is presented in Figure 2 . From this, it can be concluded that the simulations indicated a VSWR~2 impedance bandwidth of 86.7%, stretching between 5.76 GHz and 14.6 GHz. The measured bandwidth exceeded the simulation predictions. It covered the range of 4.36 to 14.26 GHz, translating into a relative bandwidth of 106.3%. Note that the dissimilarity in Figure 2 between the simulated and measured results around 5 GHz was caused by the sol- 
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Length of the feed section 
Radiation Region
Two other dimensions that were subjected to the grid-search optimization were the resonator length, LR' and the width of the radiation section, W T . For the former, the starting value was selected based on indications from the literature as L R = 3/8A g = 10.lmm, the optimization eventually yielding L R = 8.68 mm. The starting value for the width of the radiation section was taken as W T =1/2A g =13.4mm [3, p. 732] . The optimization strategy reduced it to W T = 10.2 mm. Complementing the suitable selection of dimensions, another modality for significantly improving the antenna's radiation properties was the replacement of the sharp comers in this section by arcs of radius R In the literature, the tapering length, Lr, is usually chosen between 1/8 A g and 1/4 A g . The lowest value, i.e., L T = 3.37 mID, was chosen as starting point in an optimization procedure that finally yielded the optimum value L T = 3.64 mm [9] .
Transition Region
The coplanar waveguide's impedance depends primarily on the ratio of the signal-gap width [6] . This property provides flexibility for designing the width of the signal line. It is chosen "wide enough" to" conduct the current flowing on both sides of the signal line. As for the feed-section' s length, it can be chosen arbitrarily, since in principle this section induces only an additional phase. However, conflicting practical arguments influenced the adoption of this length. On the one hand, maintaining a reduced overall size and avoiding unnecessary losses recommended shortening this section. On the other hand, an SMA coaxial connector was considered for feeding the radiator. Consequently, enough space for soldering this connector had to be reserved. Moreover, a certain transmission-line length was needed for suppressing the effect of the field discontinuity from the TEM distribution in the coaxial connector to the quasi-TEM distribution in the coplanar waveguide. Based on previous experience with this type of feeding, taking the relevant length to be L F = 4.25mm yielded a good compromise between the indicated conflicting conditions. The width of the ground planes was selected such that the width of the antenna (2W GND + 2W G +W s ) was half of the freespace wavelength at the design frequency (9 GHz). Finally, in order to smooth the impedance transformation between the feed and the transition sections, the inner comers of the ground plates were rounded at the latter's neck.
dering of the SMA connector. The choice for feeding the radiator by means of a coaxial SMA connector was dictated by simplicity of fabrication. Nevertheless, the resulting transition from the TEM field in the connector to the quasi-TEM field in the coplanar waveguide was prone to disturbing the performance of the proposed quasi-magnetic antenna. This deleterious effect was further augmented by the soldering itself, which locally perturbed the coplanar-waveguide's profile. This in turn affected the transmission properties (effective permittivity, characteristic impedance, etc.).
4.
Reengineering of the CoplanarWaveguide-Fed, Quasi-Magnetic Antenna
Basic Principles of the Redesign Strategy
As clearly seen from Figure 1 , the proposed prototype had several design parameters that could be utilized for tailoring its properties, with an aim of widening the impedance bandwidth, controlling the modes to be excited at higher frequencies, reducing the edge diffraction, etc. Some of these design parameters were included in the grid-search strategy that was reported in [9] . Nonetheless, this number had to be kept limited to maintain the feasibility of the explorations. Additionally, the explored range of values and the density of the search grid had to be drastically reduced. Consequently, the results provided in [9] still left a sizeable margin for improvement.
A first option for determining a global optimum was to resort to stochastic-optimization methods. Nevertheless, these methods are known for carrying an extremely high computational load. A more feasible alternative was provided by the critical analysis of the relationship between the geometrical parameters and the physics of the problem at hand. This approach assumes the following steps:
1.
Separate and understand the role of each antenna section;
2.
Identify the sections that predominantly influence the impedance matching;
3. Select the determinant geometrical parameter associated with that section;
4.
Isolate the effect of that parameter so that an optimization only on that parameter can be undergone, without affecting too much the performance of the other sections.
Upon carrying out this analysis, a leamed selection of one single determinant parameter can be made. This parameter can than be employed as an optimization variable in an effective optimization procedure.
The principal goal of the redesign strategy was to further enlarge the impedance-matching bandwidth. At the same time, adequate radiation-pattern properties needed to be preserved over a broad band, preferably comparable with the impedance-matching bandwidth.
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on this section. To this end, the current distribution of the original antenna was examined. The results of this analysis are depicted in Figure 3 . This plot evidenced a high current concentration along the edges of the transition. Based on this observation, it was conjectured that the transition's flare, measured by the angle between the ground plane and its edge, was the geometric parameter that had the largest impact on the matching of the two sections. To ensure more flexibility of the optimization process, we controlled this single parameter by means of two separate dimensions, namely Lr and W T in Figure 1 . In view of our design philosophy based on sectioning the global configuration into functional components, we then used L T for the optimization of the transition, while reserving the complementary parameter, W r , for the design of the radiation section.
Upon turning to the radiating section, we noted that this part was properly optimized for the antenna described in [9] . Consequently, based on computer verifications, the dimensions of the radiating section were taken as identical with the dimensions of the original antenna. Note that this option was facilitated by our initial choice to keep W r fixed. This section is concluded by indicating that in view of enhancing the realistic character of the required numerical simulations, the three-dimensional CST package was exclusively employed. It should be mentioned that an alternative may be offered by resorting to simplified equivalent circuits, as described in [16] .
Optimization Process
The analysis in Section 4.1 singled out the dimension Lr as the dimension having the heaviest impact on the matching properties of the transition section. The redesign of the antenna was then effected by using this dimension as the optimization variable. sent the upper limit of the operational bandwidth). Based on standard results in uniform linear-array theory, it follows immediately that the use of the advocated radiator in such arrays allows scanning free of grating lobes over at least a limited range of angles. The suitability of the coplanar-waveguide-fed, quasi-magnetic antenna for linear array applications was further substantiated by the broad and smooth radiation pattern in the zOx plane (with Oz being orthogonal to the xOy plane in Figure 1 ), which was discussed in [9] .
Physical Implementation of the Prototype
The optimized design discussed in Section 4.2 was implemented in photo-etched printed technology. In an initial phase, the physical implementation replicated the configuration resulting from the optimization process (see Figure 5) . For feeding the antenna, a subminiature SMA connector was used.
With reference to Figure 2 , it could be observed that the configuration discussed in [9] exhibited deep resonances. However, the very low return loss at the relevant resonant frequencies could be traded off to obtain a more balanced and significantly wider operational bandwidth. This conjecture was confirmed by the parameter study reported in Figure 4 . In this figure, LT,o designates the value of the 0' parameter that was used in [9] , namely, LT,o =3.64 mm. From the plot, it could be easily derived that extending the transition's length resulted in the two resonances being increasingly clearly separated, which was not desirable. On This parametric study yielded the conclusion that the optimum value of the transition's length was 1.64 rom, instead of the 3.64 mm value that was employed in [9] .
It should be observed that the use of two separate parameters, 0' and W T , made room for maintaining the latter fixed during the optimization process. This in turn allowed the dimensions of the radiating part (see Figure 1) to also be kept fixed. This choice was expected to result in the favorable radiation properties that were -reported in [9] being preserved for the re-optimized radiator. Numerical experiments have confirmed this assumption.
One of the remarkable features of the original antenna that was transferred to the redesigned antenna by maintaining the same W T was its very small dimension in the Ox direction. With reference to Figure 1 However, it was soon recognized that the close proximity of the comparatively large connector, as well as the alteration of the coplanar waveguide's profile due to the soldering, had a detrimental impact on the reflection-coefficient performance and on the radiation patterns. This effect is illustrated in Figure 6 , in which the reflection coefficient predicted by simulations is compared against the measured results corresponding to the devices in Figure 5 . The large difference between the curves could only be attributed to the deterioration of the feeding line as a result of the soldering. As concerns the radiation patterns, experiments have shown strong perturbations due to the diffraction and the scattering from the standard SMA connector, which had dimensions that were comparable with the antenna itself.
To counteract these adverse features, the coplanar-waveguide line was extended by an additional 40 mm-Iong section. This resulted in a twofold beneficial effect: 1) it made it possible to perform a time-domain de-embedding in the reflection-coefficient Figure 5 . The fabricated CPW-fed quasi-magnetic printed antenna: the initial variant, with and without the SMA connector. Figure 6 . The simulated and measured reflection-coefficient magnitude results for the optimized antenna with the short feed.
measurements, as described in Section 5; and 2) it created the pos': sibility to cover the SMA connector with an absorber during the pattern measurements, without affecting the antenna itself. The total coplanar waveguide length then became L F = 4.25 + 40 = 44.25 mm. This choice was made by assuming that the additional transmission line did not result in a noticeable increase in the feed-line losses, while allowing the feeding section to be covered by absorbing material during the radiation-pattern measurements. Eccosorb HR, from Emerson & Cuming Microwave Products, was used for this purpose. From the data sheet, the maximum reflectivity of the material was -20 dB. The modified version of the radiator is depicted in Figure 7 , with and without the relevant absorbing shield. 
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For validating the design process described in Section 4, the manufactured samples were measured in the Delft University Chamber for Antenna Test (DUCAT). In a first phase, the reflection coefficients at the feeding SMA connector were measured by means of a time-domain de-embedding technique, directly available in the measurement equipment at hand. This approach was dictated by the need to eliminate the spurious effects caused by the connector itself, and, most of all, by the soldering. After assessing the proper energy transfer to the antenna, the radiation patterns were measured in some technically relevant cuts and over a broad frequency range. As concerns the radiation-pattern measurements, it is noted·that as is habitually done, the reported results are considered with respect to a spherical reference frame. With reference to Figure 1 , the elevation angle, (), measured the tilting with respect to the Oz axis, while the azimuth angle, t/J, measured the trigonometric rotation with respect to the Ox axis. The validation was completed by investigating the effect of the elongated feeding section on the antenna's radiation characteristics. 
Radiation-Pattern Measurements
The radiation patterns were measured for the following cuts:
t/J =0°(the xOz plane in Figure 1) , B =85°(very close to the xOy plane), and t/J =90°(the yOz plane). The measurements were repeated for 120 frequency samples between 5.5 GHz, i.e., the lower end of the impedance-matching bandwidth, and 15 GHz. The choice of 15 GHz, well below the upper limit of the operational bandwidth, was dictated by limitations of the measurement setup. Due to editorial space restrictions, this work reports the results only for 5.6 GHz, 10.5 GHz, and 15 GHz. The 10.5 GHz sample was representative of the radiation pattern in the middle of the operational bandwidth. All radiation patterns reported in this sections. In particular, the superior matching (better than VSWR~1.5) over a very broad frequency range, starting from 6 GHz and stretching beyond 20 GHz, should be noted. This confirmed the excellent ultra-wideband characteristics of the advocated radiator. 
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The simulated and the measured reflection-coefficient magnitudes corresponding to this new design are depicted in Figure 8 . The simulated data indicated an operational impedance bandwidth for VSWR~2 of 113.6%, stretching over the frequency range 5.51 to 20 GHz. The measured ISlll yielded an operational bandwidth from 5.11 GHz up to in excess of 20 GHz (where the explored frequency band stopped). Upon taking these values as a reference, the corresponding relative bandwidth amounted to 118.6%.
. . . ·330 Figure 10 . The normalized radiation patterns (in decibels) corresponding to the B = 85°cut for three characteristic frequencies: thick line, co-polar component; thin line, cross-polar component.
The simulated and measured results evidenced a significant similarity. However, it should be noted that the measured results were consistently slightly better that the computationally predicted results. The difference between the simulation and the measurement -especially towards the end of the frequency band -was due to the losses that were not taken into account during the simula- Due to the mounting of the antenna, it was not possible to measure the back radiation in this case, and thus only half of the radiation patterns are provided. The normalized radiation patterns IEI(~)/IElmax (in dB) are depicted in Figure 10 . As expected, the co-polar radiation pattern displayed a deep notch for~= 90°, i.e., along the symmetry axis of the antenna. The co-to-cross-polar ratio was visibly better than in the case of the xOz plane. 
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tion were measured without the absorbing shield enclosing the feeding line, as shown on the left in Figure 7 . Nevertheless, to prevent unwanted extraneous scattering from the connector itself, this had to be covered by an absorbing shield. The measured patterns attested to the fact that the antenna exhibited (practically) omnidirectional patterns in the xOz plane. The coto-cross-polar ratio was very good, especially at the design frequency (9 GHz). 68 210 Figure 12 . A comparison between the normalized radiation patterns (in decibels) corresponding to the {~= 0°;~=180°} cut for three characteristic frequencies: thick line, co-polar component without the absorber shield; thin line, co-polar component with the absorber shield.
Radiation Patterns in the
Radiation Patterns in the t/J = 90°, t/J =270 0 Plane
Due to the same reasons as in the case examined above, only half of the radiation patterns were provided for this plane, as well.
The normalized radiation patterns IEI(B)/IEl max (in dB) are depicted in Figure 11 . Note that in the symmetry plane of the antenna (the yOz plane), no cross-polar components should theoretically be generated. This also explained the excellent co-tocross-polar ratio. Again, the co-polar radiation pattern had a deep notch in the direction B= 90 0 , i.e., in the antenna's (base) plane.
Investigation of the Feed Section's Effect on the Radiation Characteristics
In Section 4.3, it was shown that the feeding part was extended by an additional 40 mm-long coplanar waveguide section. This solution was adopted to suppress the direct interaction between the radiating part and the comparatively voluminous connector, a phenomenon that was observed in the case of the initial variant of the antenna (see Figure 5 ). The inclusion of the transmission-line extension was expected to result in negligible additional losses. Nevertheless, it was not obvious beforehand what the impact of this section on the radiation pattern would be. Previous experience with coplanar-waveguide structures encouraged us to assume that the spurious radiation from the feeding line would have an extremely weak impact on the economy of the overall radiation mechanism.
For validating this hypothesis, the radiation-pattern measurements reported in Section 5.2 were repeated by completely enclosing the feeding part (the connector and the extended feed line) in an absorbing shield. In this case, the physical experiments were restricted to the {t/J =0 0 ; t/J =180 0 } cut, in order to prevent the perturbing effect of the antenna fixture that manifested itself in the other cuts, and to adequately investigate both the front and the back radiation. Recall that in our design, the coplanar waveguide has no ground plane, and it was hence mandatory to carry out a complete study of the possible spurious radiation from the feeding line. Figure 12 illustrates the normalized radiation patterns corresponding to the antenna without the absorbing shield (the thick-line plots) and with the absorbing shield mounted (the thin-line plots) at the three frequencies reported in Figures 9, 10 , and 11. These plots showed that for the largest part of the azimuth angles, the difference between the two sets of measurements was well under 1 dB. This behavior was taken to attest to the fact that the radiation from the coplanar waveguide transmission line was indeed negligible.
Conclusions
An optimized coplanar-waveguide (CPW) fed quasi-magnetic printed antenna was described. The analysis of the features of a previously reported similar device revealed the highly relevant effect on the enhancement of bandwidth of the length of the flared transition from the coplanar waveguide to the antenna's radiating part. By resorting to a parameter study that used a full-wave threedimensional electromagnetic modeling tool, an operational impedance bandwidth of 118% was achieved. This behavior recommends that the optimized device be employed in ultra-wideband applica- tions. Furthermore, the antenna's radiation patterns turned out to have a high degree of isotropy, and were quite stable over a very large frequency range. The radiation from the coplanar waveguide feed was demonstrated to be negligible in the global economy of the radiation mechanism of the advocated device. The small size of the coplanar waveguide-fed quasi-magnetic antenna makes it amenable to inclusion in linear array configurations.
IEEE
Acknowledgment
